Acid Rock Drainage (ARD) is a well-known problem related to the mining industry due to its hazardous environmental effects. Metal-rich drainage and acid effluent transmitted from mine waste dumps compromise environmental quality of groundwater and surface water systems destroying aquatic life and increasing human health risks. This study was aimed at assessing the acid and metal drainage potential from the Subriso East Rock Dump (SERD) located in the Wassa East district of Ghana on ground and surface water quality in the catchment using a system of monitoring boreholes, reference boreholes and river samples. Water samples were collected from deep and shallow monitoring boreholes and surface water within the immediate environs of the SERD from August 2012 to February 2013 for laboratory and statistical analysis. Parameters analyzed include sulphate, alkalinity, Arsenic (As), Manganese (Mn), Iron (Fe), Zinc (Zn), Copper (Cu), Cadmium (Cd), Mercury (Hg), Aluminum (Al), Silver (Ag) and lead (Pb) and their concentrations compared with Ghana Standards Authority (GSA) GSB (2009) 53 Journal of Geoscience and Environment Protection metal concentrations in surface and groundwater were below detection limits except manganese and iron whose concentrations exceeded the recommended guidelines. No significant environmental impacts exist that could be attributed to the waste rock dump and may be as a result of engineering designs and mechanisms which prevent acid generated water from reaching the external environment. Furthermore, the geology of the study area potentially could be slightly inert having the potential to generate ARD under appropriate conditions. Again, the young age of the waste rock dump is a factor that may contribute to ARD generation under appropriate condition. Routine monitoring of groundwater and surface water sources is required to determine future acid generation of the SERD and its environmental impacts. The results of this study will assist decision makers and environmental managers to plan effectively to mitigate future impacts as mining waste rock dumps are known to increase in acid generation potential with age.
Introduction
Acid Rock Drainage (ARD), or otherwise referred to as Acid Metalliferous Drainage (AMD) is a prevalent environmental problem in the mining and extractive industry in developed and developing countries and is associated with numerous active and abandoned mine sites (Ezeigbo & Ezeanyim, 2006 , Gaikwad & Gupta, 2008 . Acid leachate emanating from mine waste rock dumps and tailings can potentially contaminate groundwater, surface water and soils often with deleterious consequences for ecological systems and even human health (Peppas et al., 2000) . According to (Lengke et al., 2010 ) the appropriate disposition and management of waste rock are a critical function of hard rock mining considering the significant potential that some materials may be acid-generating and hence increasing environmental stewardship within the mining sector. Sources of AMD are varied but generally include tailings deposits, waste rock dumps, surface runoffs from open pit mine, ore stockpiles and seepage from underground workings (Ackcil & Koldas, 2006) . However, the greatest contributors to ARD are residue deposits and spoil heaps (Sullivan & Yelton, 1998) . Characterized by low pH, high acidity, toxic elements, heavy metals and cyanide content, ARD is detrimental to aquatic habitats and biodiversity, undermines ecological integrity and increases human health risks (Azapagic et al., 2004) . ARD is formed through the occurrence of Potentially Acid Generating (PAG) materials containing sulphide minerals in excess of neutralizing minerals which when oxidized in the presence of water and oxygen, produce acidic water that is discharged into the environment (Peppas et al., 2000) . Despite the fact that ARD is a natural occurring process, the amount of acidity generated can be aggravated by mining activities that increase the surface area and exposure of sulphur-bearing rocks to air and also bacteria that breakdown suphide minerals (Jennings et al., 2000) . In many instances the occurrence of ARD at operating and decommissioned mines is unavoidable unless the oxidation of waste is prevented (Kuyucak, 2012) which further indicates the important role of oxygen in the acid generating process. ARD typically has low concentrations of toxic heavy metals, high concentrations of iron, aluminium and manganese and low pH which can increase the rate of dissolution of metals that come into contact with the effluent (Galvez-Cloutier & Le Francois, 2005) .
A variety of chemical, biological and physical factors whose relative importance differ from various mining sites and from the natural geology and mineralogy of the area may determine the rate of acid generation (Sprynsky et al., 2006) . Key ingredients for acid generation include pH, temperature, oxygen content, chemical activity of Fe 3+ , surface area of exposed metal sulphide, chemical activation energy for acid generation and bacterial activity (Ackcil & Koldas, 2006) . The time interval between exposure and peak rate of acid generation of any PAG material may be from days to years depending on environmental factors and the neutralization potential of the rock (Ackcil & Koldas, 2006) . Iron sulphides such as pyrites and pyrrhotite have been identified as the predominant precursors responsible for ARD generation (Fox et al., 1997) . The oxidation of iron sulphides is a complex set of reactions giving rise to oxidized irons, sulphate anions and a strong acidity as illustrated from Equations (1) 
The process is initiated by the oxidation of sulphide mineral (e.g. Pyrite) to yield dissolved iron, sulphate and acidity. The dissolved products (Fe 2+ , 2 4 SO − , H + ) increase the total dissolved solids and acidity of the water. In the presence of sufficient oxygen, "Fe 2+ ", is oxidized to "Fe 3+ ". The rate of this reaction is by the presence of a bacterium called Acidothiobacillus ferroxidans. This is the rate determining step of the overall reaction.
The next step involves the hydrolysis of ferric irons to produce iron hydroxide precipitate leaving little ferric iron in solution whilst further decreasing the pH.
The iron hydroxide formed is commonly called yellow boy. This reaction is pH dependent and will occur only in the pH range of 2.3 to 3.5. As the acidity increases, the reaction reinitiates because ferric iron remains in solution from Equation (2) and Equation (3) and is reduced by pyrite. Acid generation may be represented by a combination of the above reactions.
ARD formation is dependent on local conditions such as geomorphology, climate and extent of distribution of ARD (Plumlee, 1999) and discharges from Waste rock dumps from which ARD potentially emanates are typically composed of porous, highly permeable undersaturated mixture of silt, sand, gravel, cobble and boulder-sized detritus which may interact with perched water tables and manifest as seeps bleeding along the slopes of waste rock piles (Gandy et al., 2009) . The physical, geochemical and mineralogical properties of waste rock dumps are determined by the physical configuration, geochemical distribution, temperature and transport of air and water through the waste rock dump (Tran et al., 2003) . The period of storage is an important factor determining the potential and viability of mine waste rocks to produce ARD as studies by (Abrosimova et al., 2015) indicated that 26% of rock samples produced acidic effluent following a long-term storage period in the laboratory.
Within a mine establishment are systems for monitoring ARD and effluent transmission through a bouquet of infrastructure consisting of various types of instrumentation to detect discharges and flows into soil, surface and groundwater environments from its operations. These installations are either mounted on embankments to detect rise in water and phreatic levels or downstream to detect potential seepages. Such instruments include boreholes which detect downstream seepage from Tailings Storage Facilities (TSF's) and waste rock dumps. Downstream sumps and secondary confinement channels collect and hold discharge and seepages to measure environmental quality prior to discharge into the external environment. The sitting and location of these monitoring systems are influenced by the hydrogeology and topography of the area influencing surface and groundwater.
Studies dealing with the incidence and environmental effect of ARD in Ghana have been reported in literature. Ankomah-Appiah (2011) found severe deterioration in water quality of underground and surface water from high concentrations of Fe, Cu, Mn, Zn, Cd, Pb and As above Ghana EPA regulatory limits. New techniques of Acid Base Accounting (ABA) have been used to examine the environmental impacts of ARD on the river systems and mining belts (Akabaza et al., 2007; Afriyie-Debrah et al., 2010; Foli et al., 2011) . There is however very limited scientific information and understanding of the effect of the Subriso East Waste Rock Dump (SERD) on groundwater and surface water systems in the Wassa East District specifically to communities within and outside of the large mining enclave in Ghana. A large population of local commu-nities in the large mining district depend on groundwater and surface water resources for their drinking water supply and therefore any contamination of these vital resources could have profound consequences on human health. This study is therefore relevant to ascertain the environmental risk associated with the SERD and to assist decision makers to design effective mitigation plans in anticipation of potential future impacts of the SERD on water resources. The aim of this study was to investigate the potential effect of the SERD on groundwater and surface water systems with a view to identify any indicators of contamination.
Materials and Methods

Study Area
The study was conducted at the Subriso East Rock Waste dump area located in the Hwini-Butre and Benso (HBB) mined out areas ( Figure 1 ). Major communities within the catchment include Subriso, Ningo, Akyaakrom, and Awonakrom. 
Sampling
Fifteen water quality parameters were analyzed in water samples collected from (14) locations comprising ten (10) monitoring boreholes, two upstream points and two downstream points of the surface water (Table 1) . Water sampling was preceded by pre-treatment of 500 ml HDPE sample bottles with HNO 3 and purging of the MB's. In the field, sample bottles were rinsed three times with the water to be sampled before collecting the final sample. An HDPE bailer was used to sample water from the MB's by lowering it down the bore and collecting a column of water. Surface water was sampled by directly fetching from the Subriso river. Electrical conductivity, pH and TDS were measured in situ The samples were transported to the laboratory within 24 hours where they were refrigerated for subsequent analysis. All samples were collected in duplicate. 
Laboratory Analysis
Each surface and ground water sample was analyzed for the following: pH, Electrical Conductivity, Sulphate, Alkalinity Arsenic (As), Manganese (Mn), Iron (Fe), Zinc (Zn), Copper (Cu), Cadmium (Cd), Mercury (Hg), Aluminum (Al), Silver (Ag) and lead (Pb). Chemical analysis of samples followed standard protocols outlined in Table 2 .
Statistical Analysis
One-way analysis of variance (ANOVA) was used to test for variation between deep monitoring boreholes, shallow monitoring boreholes and upstream and downstream points of surface water at 95% confidence level using SYSTAT 10 statistical software (SYSTAT Inc.).
Results
Surface Water Quality Characteristics of the Subri River
The Subri River can generally be characterized as moderately acidic with pH values ranging between 5.47 ± 0.23 -5.73 ± 0.12 (Table 3 ). The low acidity was associated with particularly, high concentrations of iron and aluminum. The low alkalinity levels of the river indicated low buffering capacity corresponding with the level of acidity of the water. Surface water conditions across the channel of the Subri River from upstream and downstream locations can be characterized as uniform due to the reduced spatial variation in pH and consequently low acidic conditions (p > 0.05). These values were below (GSB, 2009) and (WHO, 2017) permissible ranges of 6.5 -8.5 for drinking water. The low variability in Cd <0.002 ± 0.00 <0.002 ± 0.00 <0.002 ± 0.00 <0.002 ± 0.00 <0.002 ± 0.00 Pb <0.01 ± 0.00 <0.01 ± 0.00 <0.01 ± 0.00 <0.01 ± 0.00 <0.01 ± 0.00 Ag <0.02 ± 0.00 <0.02 ± 0.00 <0.02 ± 0.00 <0.02 ± 0.00 <0.02 ± 0.00 As <0.002 ± 0.00 0.002 ± 0.00 0.002 ± 0.00 0.002 ± 0.00 0.002 ± 0.00 pH across the river channel is a general reflection of the low concentrations and variation in most physicochemical parameters measured. Generally, alkalinity, electrical conductivity, TDS, sulphate, copper, manganese, zinc, cadmium, lead, silver and arsenic all showed remarkably low values relative to the reference guideline concentrations for chemicals in drinking water (WHO, 2017) . Distinctively, aluminum and iron concentrations measured were above the threshold levels. The tested variance of the various parameters between upstream and downstream sampling points of the Subri River showed uniform and less variable water quality conditions that were not significant at p < 0.05.
Physicochemical Characteristics of Deep Monitoring Boreholes (DMB)
The hydrochemical characteristics of DMB was similar to the water quality conditions of natural waters inferred from the remarkably low concentrations of all measured parameters which were far below the guideline values considered permissible for drinking water (WHO, 2017) (Table 4 ). Water quality in the DMB featured neutral pH, high alkalinity and well-buffered groundwater containing extremely low levels of heavy metals (Table 4) . However, groundwater in the DMB showed overall higher levels of water quality than surface water in the Subri River (Table 3 and Table 4 ). Variation between water quality parameters among DMB and the reference borehole was not significant at p < 0.05 probability level.
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Physicochemical Characteristics of Shallow Monitoring Boreholes (SMB)
Shallow Monitoring Boreholes showed similar characteristics to DMB and its designated reference borehole (Table 4 and Table 5 ). No clear differences could be found between water samples from the two groundwater sources. Mean pH of samples from shallow boreholes varied between 6.30 ± 0.13 and 6.88 ± 0.19. pH values were within (GSB, 2009, WHO, 2017) permissible limit of 6.5 -8.5 for drinking water. Statistically, there was no significant difference between values of parameters in monitored and reference boreholes (p > 0.05).
Seasonal Patterns and Temporal Variations of Physicochemical Variables and Heavy Metal Concentrations in Surface and Groundwater
Majority of physiochemical parameters had no detectable seasonal patterns related to wet and dry climatic periods. The temporal variations in the concentrations of various parameters were clearly distinct from each other in regards to the surface water and boreholes monitored (Figure 3 and Figure 4 ). However, high levels of turbidity and TSS in surface water were recorded in September during the secondary rainfall peak of the year (Figure 3 and Figure 4 ). Highest nitrate concentrations were recorded in DMB and SMB but not surface water in January during the dry season. Mean values recorded for most parameters showed very high variability in surface and monitoring boreholes throughout the study period as indicated by the magnitude of the associated error bars (Figure 3 and Figure 4 ). Electrical conductivity, pH, alkalinity, TDS and sulphate content of surface water showed consistently lower values compared with both deep and shallow monitoring boreholes (Figure 3 and Figure 4 ). pH of surface water remained moderately acidic whilst monitoring boreholes were neutral throughout the study period.
With the exception of iron and manganese, heavy metal concentrations monitored in the river and groundwater systems were less variable and largely below the detection limits to trigger toxicity (WHO, 2017) . Iron (Fe) concentration in surface water varied between 1.30 ± 1.71 mg/l and 1.50 ± 1.86 mg/l but upstream iron content of surface water was higher than downstream concentrations. Fe concentration of all the samples exceeded the (GSB, 2009; WHO 2017) permissible limit of 0.3 mg/l for drinking water. Statistically, the variation be- 
Discussion
Surface water, monitoring and the reference boreholes were mainly characterized by neutral pH, low acidity, low TDS, low electrical conductivity, low sulphate and low concentrations of heavy metals which varied little between dry and wet seasons. The results from the study showed that the monitored boreholes and surface water diverged considerably from the chemical characteristics typical of systems that have been impacted by ARD which usually are expressed by low pH, high acidity, high TDS, high electrical conductivity, high iron and high concentration of heavy metals (Azapagic, 2004; Akcil & Koldas, 2006) . Thus, the Subriso East Rock Dump (SERD) did not appear to be acid generating. This may be explained as the SERD could be a designed and engineered facility to control seepage. An engineered waste rock dump (WRD) according to (Yankful et al., 1993) will have placement of an impermeable membrane which will collect seepage at the base of the pile, preventing discharge into the natural environment. The physical and chemical heterogeneities and internal structure of a waste-rock pile affect internal chemical weathering patterns, as well as physical transport processes, including gas (oxygen), water, and heat transport which facilitate oxidation for ARD generation. Additionally, according to (Singhal & Gupta, 1999) , the water discharge in a WRD follows a dual porosity model consisting of porous block and channels. In relation to SERD, it can be inferred that the porous blocks have high primary porosity, a low hydraulic conductivity and molecular diffusion whiles the channels present a high hydraulic capacity, low storage capacity and transport processes which are controlled by advection and mechanical dispersion, all of which do not allow for ARD to reach the external environment.
Analysis of surface water indicated acidity below pH of 6 which may be indicative of impairment of a river system by ARD. The slightly acidic nature of water from Subri river in the study area conforms to the baseline assessment conducted prior to commencement of the HBB mine operations indicating that the level of acidity is due to natural geochemical properties of the area and not attributable to AMD. The trend in pH of surface water may be due to high rate of organic matter decomposition in the Subri River resulting from runoff or direct input of riparian vegetation into the channel. The process of organic matter decomposition may produce slightly acidic water due to the presence of dissolved carbon dioxide and organic acids (Brady et al., 1990) . Frequent and con-Journal of Geoscience and Environment Protection tinuous rinsing of seepage by precipitation could contribute to the low pH values recorded due to the high dilution and rapid flushing rates of high volumes of discharge (Smith et al., 1995) .
Drainage water quality in a mine environment is highly influenced by factors such as water saturation level, particle size distribution and soil permeability, but may also be influenced by the mineral composition of the soil, which in turn controls the distribution of metals. Discharge of sulphate is controlled by mineral solubility. The recorded low levels of sulphur can be attributed to the absence of water-soluble sulfates (Jambor et al., 2000) , which are among the most definite indicators of ARD. These sulfates are among the first products of sulfide oxidation and occur above the water table, closest to oxidizing pyrite, and in areas where the exposure of pyrite by erosion and the evaporation of AMD fluids create extremely low pH values (Jambor et al., 2000) .
Conclusion and Recommendations
The study indicated that no significant impacts to surface and ground water contamination are attributable to SERD. Nevertheless, depending on the site topography, geology and engineering inputs and functions of waste rock dumps containing acid-generating or potentially acid generating material, high precipitation pattern as in the case of the study site may promote erosion and facilitate infiltration of water in rock dump leading to subsequent discharge of acidic water harmful to the environment.
